Abstract Transport simulation of ECRH H-mode experiments on HL-2A tokamak is carried out using ONETWO code, the GLF23 and PEDESTAL models, along with TORAY code for ECRH. It is found that the initial electron and ion temperature profiles affect L-H transition significantly, and larger initial temperature gradient at the edge plasma benefits the transition. The simulation results show that it is possible to achieve ECRH H-mode with appropriate initial electron and ion temperature profiles under present discharge conditions on HL-2A tokamak. In addition, the pedestal density, electron temperature and pedestal width are predicted, and the evolutions of electron and ion temperature profile are calculated.
Introduction
Since the discovery of high-confinement mode (Hmode) in ASDEX tokamak, the physics of H-mode has become one of the major subjects in the research of tokamak confinement [1] . H-mode can be obtained under various auxiliary heating methods, such as neutral beam injection (NBI) heating [1−3] , ion cyclotron range of frequency (ICRF) heating [4, 5] , electron cyclotron resonance heating (ECRH) [3,6−8] , and low hybrid resonance heating [3,9−12] . Thus H-mode is recognized as a general phenomenon which occurs regardless of the auxiliary heating methods. It is also the projected baseline operational scenario for the International Thermonuclear Experimental Reactor (ITER) [13−15] . Typical ELMy (edge-localized mode) H-mode discharges were achieved in 2009 on the HL-2A tokamak with the combined auxiliary heating of NBI and electron cyclotron resonance heating. The minimum power required is about 1.1 MW at a density of 1.
and increases with a decrease of density [16] . The ELMy H-mode with NBI heating only was obtained in 2012, and the lowest power is 0.7 MW [2] . The ELM free Hmode was also realized by using ECRH and co-current NBI heating in 2012 [17] . In recent years, researchers, in the group of HL-2A experiments, attempt to achieve H-mode with ECR heating alone. In this study, we will use ONETWO code, the GLF23 and pedestal models, and TORAY code to simulate and predict plasma transport with ECRH.
TORAY is a code to calculate electron cyclotron resonance heating and current drive. ONETWO code, the GLF23 and pedestal models will be presented in section 2. Simulation results are given in section 3. Section 4 summarizes the results.
Presentation of simulation codes and models
ONETWO is a time-dependent tokamak transport code. The evolutions of particle balance, electron and ion energy, toroidal momentum in the code are included and expressed in Eqs. (1)- (4) respectively [18] . 
where n ion and n prim are number of ion species and primary ion species, m i is the mass of ion species i, ω is the toroidal rotation velocity of ion, H is the geometric factor related to equilibrium, R is major radius, ρ is the radial coordinate connected to toroidal magnetic flux, n i /n e is ion/electron density, T e /T is electron/ion temperature, Q i /Q e is thermal energy source of ion/electron, Γ i /Γ e is radial ion/electron flux, q i /q e is the radial energy flux of ions/electrons due to conduction, Γ ω is the total momentum flux, ωL e is the beam energy source that goes into spinning up the electron fluid, Z i is the charge number, S i is source density of ion, and
are the source term due to MHD equilibrium evolution.
Plasma transport usually includes both neoclassical and anomalous transport. In this study, the anomalous transport part is computed by the GLF23 model. GLF23 is a 3D gyro-Landau-fluid model based on driftwave linear eigenmodes and includes effects of kinetic, E × B shear flow and Shafranov shift stabilization [19] . It is proved to offer good agreement with experimental data, and usually used to simulate and predict anomalous plasma transport experiments [20−22] . The PEDESTAL model is used to predict the L-H mode transition. It is an empirical model whose development is based on ITPA pedestal database of ELMy H-mode discharges [23] . It is often used to predict pedestal plasma parameters and provide the edge boundary condition in the H-mode transport simulation [13, 14, 24] . In the model, it is assumed that when the power crossing the separatrix (P loss ) rises above a power threshold (P L−H ), the L-H transition realizes [23] . The pedestal density (n ped ) is equal to 0.71 times of the line averaged electron density (n e ) (i.e. n ped = 0.71n e ), the pedestal width (∆) is proportional to the ion gyro-radius in the pedestal inner edge times the square of the magnetic shear (i.e. ∆ = C W ρ i s 2 ), and the pedestal pressure gradient (P ped ) is decided by the limit of the first stability balloon mode [23] . According to the pedestal pressure gradient, the pedestal temperature can be obtained as follows,
where C W is constant of proportionality, µ 0 is the permittivity of free space, q is the safety factor, B T is the vacuum toroidal magnetic field at the mid-plane, A H is the hydrogenic mass, α c is the normalized maximum pressure gradient.
Simulation results of H-mode experiments with ECRH on HL-2A
With the codes and models in the section 2, we begin to simulate the H-mode transport in the HL-2A tokamak. At first, we use the plasma discharge parameters and profiles from one L-mode experiment (shot 14255) on HL-2A tokamak as the initial conditions. The power of on-axis ECRH is 1 MW, toroidal field is 1.32 T, and plasma current is 175 kA. The initial electron density profile is shown in Fig. 1 . The electron and ion temperature profiles are the same and shown in Fig. 2 (case a in the solid line), and its gradient profile is presented in Fig. 3 (case a in the solid line) . Under these initial conditions, the simulation results show that the electron temperature increases largely in core plasma with ECRH, but it changes little with small temperature gradients in edge plasma. At the same time, ion temperature decreases and its edge gradient is also small. So P loss is small, not enough to exceed the power threshold and the L-H transition can not be realized. Then we change the initial electron and ion temperature profiles to enlarge their gradients in the edge plasma, which is exhibited in Fig. 2 case b. Its gradient profile is shown in Fig. 3 case b. Under the second initial conditions, the simulation results show that the electron temperature, electron and ion temperature gradient, increase significantly in edge plasma, P loss exceeds the power threshold. So the L-H transition is successfully achieved. The initial electron thermal transport coefficient is shown in Fig. 4 and the ion thermal transport coefficient is much smaller than that of electron. This is because that only electrons are heated directly by ECRH and electron energy flux is much larger than ion energy flux. According to the simulation results, the predicted pedestal electron density (n ped ), electron temperature (T ped ) and pedestal width (∆) are 5.53×10
12 cm −3 , 1.349 keV, and 3.402 cm, respectively. The evolutions of electron and ion temperature profiles are exhibited in Figs. 5 and 6. The black line presents the temperature distribution at time 0 (t 0 ) when the simulation and ECRH begin. The red, blue and magenta lines present their distributions at time 10 ms, 15 ms and 30 ms, respectively after ECRH turns on. The time at which the L-H transition begins is about 10 ms (the red line) after simulation, and the plasma discharge becomes stable at about 40 ms after ECRH turns on. It can be seen from Fig. 5 that the electron temperature increases significantly after L-H transition. Fig. 6 shows that the ion temperature decreases in core plasma after on-axis ECRH turns on, which is similar to that of L-mode discharge experiments in 2012 [25] . 
Summary
Transport simulation for ECRH H-mode experiments is carried out using ONETWO and TORAY codes, GLF23 and pedestal models. The initial electron and ion temperature profiles are shown to affect L-H transition, and larger initial temperature gradient at the plasma edge is found to benefit L-H transition. For the present discharge parameters on HL-2A tokamak, H-mode with ECR heating alone can be achieved with appropriate electron and ion temperature profiles. The pedestal density, electron temperature and pedestal width are predicted. Electron and ion temperature profile distributions after L-H transition are also simulated.
